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We investigated dependence of tunnel magnetoresistance effect in CoFeB/MgO/CoFeB 
magnetic tunnel junctions on Ar pressure during MgO-barrier sputtering. Sputter 
deposition of MgO-barrier at high Ar pressure of 10 mTorr resulted in smooth surface 
and highly (001) oriented MgO. Using this MgO as a tunnel barrier, tunnel 
magnetoresistance (TMR) ratio as high as 355% at room temperature (578% at 5K) was 
realized after annealing at 325 oC or higher, which appears to be related to a highly 
(001) oriented CoFeB texture promoted by the smooth and highly oriented MgO. 
Electron-beam lithography defined deep-submicron MTJs having a low-resistivity Au 
underlayer with the high-pressure deposited MgO showed high TMR ratio at low 
resistance-area product (RA) below 10 Ωμm2 as 27% at RA = 0.8 Ωμm2, 77% at RA = 
1.1 Ωμm2, 130% at RA = 1.7 Ωμm2, and 165% at RA = 2.9 Ωμm2.  
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Development of magnetic tunnel junctions (MTJs) that exhibit high tunnel 
magnetoresistance (TMR) ratio is needed to further increase the capacity of 
magnetoresistive-random-access-memories (MRAMs), and high TMR at low resistance 
area (RA) product range is required for magnetic sensors in the sub Tbit/in2 
hard-disk-drives and beyond. Conventional MTJs with amorphous aluminum oxide 
barriers yield TMR ratio ranging 18–70%,1-3) which is not high enough for these 
applications. Recent developments of MTJs based on highly ordered (001)-oriented 
Fe(Co) electrodes with a MgO barrier, motivated by pioneering theoretical 
predictions,4-6) resulted in very high TMR ratio ranging from 67 % to 260% at room 
temperature (RT) with RA products spanning from a few ten Ωμm2 and higher.7-13) Very 
recently, high TMR ratio of up to 138% was reported at low RA of 2.4 Ωμm2 using a 
CoFeB/ultrathin-Mg/MgO/CoFeB structure,14, 15) where an ultrathin-Mg was inserted to 
maintain highly (001)-oriented MgO at the very thin MgO thickness level required for 
achieving the low RA. These results have suggested that the (001) oriented state of MgO 
is related to the TMR ratio. Because it has been known that the film structure such as 
morphology and orientation depends on Ar pressure during sputtering, 16) we have 
investigated the dependence of the quality of MgO on the Ar pressure during MgO 
sputtering. Here, we show that one can obtain giant TMR ratio as high as 355 % at RA 
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of 547 Ωμm2 by selecting the pressure. We also show that high TMR ratio and low RA, 
without inserting ultrathin-Mg, can be realized using this high pressure deposition of 
MgO combined with a low resistivity underlayer. 17) 
The MTJ films used in this study were deposited onto a thermally oxidized 
Si(001) wafer using a magnetron sputtering system with a base pressure of less than 10-9 
Torr. The MTJ stack structure consists of substrate/ Ta(5)/ underlayer(50)/ Ta(5)/ 
NiFe(5)/ MnIr(8)/ CoFe(2)/ Ru(0.8)/ Co40Fe40B20 (3)/ MgO(tMgO)/ Co40Fe40B20 (3)/ 
Ta(5)/ Ru(15) (in nm), where Ru and Au were used as the underlayer, and nominal MgO 
thickness tMgO was varied from 0.8 nm to 3.0 nm. The MgO barrier was sputtered at the 
Ar gas pressure in the range of 1 to 20 mTorr (deposition rate range of 0.014-0.020 
nm/s). When the pressure was too low (below 0.2 mTorr) or too high (above 30mTorr) 
the discharge became unstable. The Ar pressure for metal sputtering was 1 mTorr. MTJs 
with a junction area of 0.8 x 4.0 μm2 were prepared by photolithography, whereas those 
with an area of 80 x 160 nm2 were fabricated using electron-beam lithography. The 
patterned MTJs were annealed for 1 h at each prescribed temperature in the range from 
250 oC to 425oC in a vacuum of 10-6 Torr under a magnetic field of 4 kOe. The electrical 
properties of MTJs were measured at RT and at 5K using a dc four probe method. The 
TMR ratio was calculated as (RAP-RP) /RP x 100, where RAP and RP are the resistance for 
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antiparallel (AP) and parallel (P) magnetization configurations between the free and 
reference layers. The film structure and the surface morphology were characterized by 
x-ray diffraction (XRD) using Cu-Kα radiation and atomic force microscope (AFM), 
respectively. 
TMR ratios as a function of annealing temperature (Ta) for MTJs with an 1.5 
nm-thick MgO barrier deposited under three different Ar pressures are shown in Fig. 1. 
When annealed at Ta of less than 300oC, the TMR ratios of the three series of MTJs are 
virtually the same. The effect of Ar pressure starts to appear at Ta higher than 325oC. 
The maximum TMR ratios of the three series are 260% (Ta =375oC) for 1 mTorr, 289% 
(Ta =375oC) for 3 mTorr, and 355% (Ta =400oC) for 10 mTorr. According to Julliere’s 
formula,18) these TMR ratios correspond to tunneling spin polarizations of 0.75, 0.77 
and 0.80, respectively. The barrier height (φ) deduced from RA vs. tMgO curves (not 
shown) is about 0.35 eV regardless of the Ar pressure, showing that the TMR ratio does 
not critically depend on the pressure nor on Ta in accordance with previous reports.9, 13, 
14) These observations indicate that the difference of the improved MgO quality at high 
Ar pressure described later does not have direct impact on TMR ratio, because no clear 
difference of the TMR ratio is observed at Ta below 300oC. The fact that the effect of 
MgO sputtering pressure becomes obvious at Ta above 325oC suggests that the quality 
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difference of MgO barrier depending on sputtering pressure may be affecting the 
crystallization of the amorphous CoFeB free and reference electrodes, because it is 
known that CoFeB electrodes start to form (001) bcc textures at Ta = 325oC,13, 19) i.e., 
the higher crystalline orientation and smoother surface of MgO is likely to lead to 
highly (001) oriented CoFeB texture, making the structure closer to the ideal epitaxial 
one that is assumed by the theories4, 5) leading to an enhanced TMR ratio. 
Figure 2 shows the maximum TMR ratio obtained from MTJs annealed at Ta 
ranging from 325oC to 400 oC as a function of RA at parallel magnetization 
configuration. For RA > 10 Ωμm2, the junction size of 0.8 x 4.0 μm2 was used; below 
10 Ωμm2, the junction size was chosen to be 80 x 160 nm2, in order to minimize the 
effect of the electrode resistance. When the MTJs with Ru underlayer are compared, Fig. 
2 indicates that TMR ratio increases with increasing sputtering pressure and then 
saturates. By adopting low-resistivity Au for underlayer with a MgO barrier deposited at 
10 mTorr, high TMR ratio (filled triangles) is obtained in the lower RA range from 0.8 
Ωμm2 to 10 Ωμm2. Typical TMR ratio of the MTJs with Au underlayer is 27% at RA = 
0.8 Ωμm2 and 77% at RA = 1.1 Ωμm2, which is four to ten times greater than the ratios 
of current perpendicular to plane giant magnetoresistance spin valve films having 
similar RA.20, 21) We also obtained TMR ratios of 130% at RA = 1.7 Ωμm2 and 165% at 
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RA = 2.9 Ωμm2, which are about eight to ten times greater than the ratios of aluminum 
oxide barrier MTJs with similar RA.22, 23)  
Figure 3 shows the bias voltage dependence of TMR ratio at 5K and RT for a 
MTJ with a 1.5 nm-thick MgO barrier deposited at 10 mTorr and annealed at 400oC. 
This device has a Ru underlayer. The bias voltage was defined as positive when 
electrons were flowing from the bottom to the top layer. By lowering the measurement 
temperature from RT to 5K, TMR ratio increased from 355% to 578% (equivalent to 
spin polarization of 0.86). As can be seen from the figure, TMR ratio decreased with 
increasing the bias voltage. The bias voltages (Vhalf), where the TMR ratio drops half of 
its maximum, were -0.54V and +0.59V at RT, and -0.29V and +0.34V at 5K. For the 
curve at 5K, a pronounced decrease of TMR ratio can be seen in the low bias range of 
±0.5V as compared with the curve at RT. For both curves at RT and 5K, Vhalf at positive 
bias is slightly higher (50 mV) than that at negative bias, which is much less than what 
was reported in fully epitaxial Fe/MgO/ Fe MTJs.9, 12) 
To investigate the orientation and surface morphology of MgO barriers, XRD 
(2θ- θ scan and rocking curve measurement) and AFM measurements were performed. 
Figure 4(a) shows the XRD 2θ- θ patterns for two structures, substrate/ Ta(5)/ 
Co40Fe40B20(3)/ MgO (tMgO=100) structure, where the MgO layers were deposited at 1 
 - 8 -
mTorr (black line) and 10 mTorr (gray line). Although the MgO layers of these samples 
were thicker than the actual MgO barrier in the MTJs, we believe that it still provides 
valuable information on the morphology of MgO barrier. With increasing the Ar 
pressure during MgO deposition, the intensity of MgO (002) diffraction peak increased, 
as can be seen in Fig.4 (a). Similar increase was also observed in the MgO (004) 
diffraction peak (not shown). Fig. 4(b) shows the rocking curves of the two MgO films 
at (002). The full width at half maximum (FWHM) is about 5.1o for the MgO layer 
deposited at 1 mTorr, and 4.4o for the MgO layer deposited at 10 mTorr, i.e. high Ar 
pressure reduced FWHM. The average roughness (Ra) of the top surface of substrate/ 
Ta(5)/ Co40Fe40B20(3)/ MgO(tMgO) structures having different tMgO evaluated from AFM 
images is compiled in Fig. 5. The high-pressure deposition resulted in low Ra in all the 
tMgO range investigated (from 5 nm to 100 nm). Similar XRD profiles and AFM images 
were obtained after annealing at 375oC, showing that these structural features of MgO 
barrier were maintained after annealing. Although the mechanism responsible for the 
structural improvement of MgO at high Ar pressure is not understood at the moment, 
this structural improvement is believed to be responsible for the enhancement of TMR 
ratio after annealing above the crystallization temperature of amorphous CoFeB 
electrodes as discussed earlier. We note that TMR ratio as high as 355% is obtained in 
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this work, even though FWHM of the rocking curve is still broad compared to MgO 
single crystals (FWHM=0.3o-0.5o in commercial products), which suggests that there 
may still be room for further increasing TMR ratio by increasing the (001) orientation 
of CoFeB crystallized texture and of MgO barrier.  
In summary, we investigated the influence of the MgO-barrier sputtering pressure 
on the TMR ratio for MTJs. The deposition of MgO barrier at Ar pressure of 10 mTorr 
resulted in highly (001) oriented MgO with smooth surface with which we obtained the 
TMR ratio as high as 355% at RT (578% at 5K) at RA of 547 Ωμm2 after annealing at 
325 oC or higher. It is suggested that the high TMR ratios are related to the highly (001) 
oriented CoFeB texture promoted upon annealing by the smooth and highly oriented 
MgO. By the use of low-resistivity Au underlayer and the deep-submicron junctions 
(size of 80 x 160 nm2) fabricated using electron-beam lithography, in addition to 
high-pressure deposition of MgO barrier, we obtained the TMR ratio in the low RA 
regime as 27% at RA = 0.8 Ωμm2, 77% at RA = 1.1 Ωμm2, 130% at RA = 1.7 Ωμm2, 
and 165% at RA = 2.9 Ωμm2. 
This work was supported by the IT-program of Research Revolution 2002 
(RR2002): “Development of Universal Low-power Spin Memory” from the Ministry 
of Education, Culture, Sports, Science and Technology of Japan. 
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Figure caption 
Fig. 1. TMR ratios as functions of annealing temperature (Ta) for MTJs with an 1.5 
nm-thick MgO barrier deposited under three different Ar pressures (1, 3 and 10 mTorr). 
 
Fig. 2. TMR ratios as functions of RA at RT in parallel magnetization configuration for 
the Ru underlayer MTJs with the MgO barrier sputtered at the pressure of 1, 3, 10 and 
20 mTorr (open symbols), and for the Au underlayer MTJs with the MgO barrier 
sputtered at 10 mTorr (filled triangles). These MTJs were annealed at optimal 
temperature showing the highest TMR ratio in the temperature range from 325oC to 
400oC. 
 
Fig. 3. Bias voltage dependence of the TMR ratio at 5K and RT for a MTJ, which was 
annealed at 400oC for 1hr, with an 1.5 nm-thick MgO barrier sputtered at 10 mTorr.  
 
Fig. 4. (a) XRD 2θ- θ patterns and (b) rocking curves of MgO(002) diffraction peak for 
the substrate/ Ta(5)/ Co40Fe40B20(3)/ MgO(100) structure (in nm), where the MgO layers 
were deposited at 1 mTorr and 10 mTorr.  
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Fig. 5. Average roughness (Ra) of the top surface of substrate/ Ta(5)/ Co40Fe40B20(3)/ 
MgO(tMgO) structures having different tMgO evaluated from AFM images, where the 
MgO layers were sputtered at 1 mTorr and 10 mTorr.
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